The manner in which presynaptic Ca 2+ influx controls the release of neurotransmitter was investigated at the granule cell to Purkinje cell synapse in rat cerebellar slices. Excitatory postsynaptic currents were measured using whole-cell voltage clamp, and changes in presynaptic Ca 2+ influx were determined with the Ca2+-sensitive dye furaptra. We manipulated presynaptic Ca 2+ entry by altering external Ca 2+ levels and by blocking Ca 2÷ channels with Cd 2+ or with the toxins o)-conotoxin GVIA and ~-Aga-IVA. For all of the manipulations, other than the application of o}-Aga-IVA, the relationship between Ca 2 + influx and release was well approximated by a power law, n = 2.5. When o~-Aga-IVA was applied, release appeared to be more steeply dependent on Ca 2+ (n = 4), suggesting that o}-Aga-IVA-sensitive channels are more effective at triggering release. Based on interactive effects of toxins on synaptic currents, we conclude that multiple types of Ca 2 ÷ channels synergistically control individual release sites.
Introduction
For synapses in the central nervous system, there are many unresolved questions regarding the control of neurotransmitter release by Ca 2+ influx into terminals. It is likely that modulation of presynaptic Ca 2+ channels is an important way of altering synaptic strength, but it is not known how changes in presynaptic Ca 2+ current affect transmitter release. At the heart of understanding how Ca 2+ entry controls synaptic strength is determining the relationship between Ca 2÷ and release. Another interesting aspect of synaptic transmission in the central nervous system relates to the observation that transmission is mediated by multiple types of Ca 2+ channels at many central synapses. It is not known how these channels interact to trigger release or whether some types are more effective at triggering release.
Where it has been possible to determine the relationship between Ca 2+ influx and release, diverse results have been obtained. At the squid giant synapse, there is a linear relationship between Ca ~+ influx and release when transmission is driven by action potentials (Llinas et al., 1982; Augustine, 1990) . It also appears that Ca 2+ ions can act *Present address: Department of Pharmacology and Experimental Therapeutics, Boston University School of Medicine, Boston, Massachusetts 02118.
cooperatively to trigger release (Dodge and Rahamimoff, 1967; Augustine and Charlton, 1986; Stanley, 1986; Roberts et al., 1990; Heidelberger et al., 1994; ; at such synapses, even small changes in Ca 2+ influx can profoundly alter transmission. A number of factors contribute to the relationship between Ca 2+ influx and synaptic strength: the cooperativity of Ca 2+ ions in driving vesicle fusion (Heidelberger et al., 1994; Schweizer et al., 1995) , the arrangement of Ca 2÷ channels near release sites, the properties of Ca 2+ channels, and the manner in which they are activated (Artalejo et al., 1994; Roberts, 1994) . This degree of complexity makes it virtually impossible to predict the relationship between Ca 2+ influx and release at central synapses.
One of the primary difficulties in studying presynaptic Ca 2+ influx and release in the mammalian brain is that small synaptic boutons typical of the central nervous system (usually -1 p.m in diameter) are generally not amenable to patch-clamp studies (although see Stanley, 1989 Stanley, , 1993 . Recently, it has become possible to obtain information on Ca 2+ influx by measuring Ca 2+ transients in presynaptic fibers labeled with Ca 2+ indicators (Regehr and Tank, 1991 ; Saggau, 1994a, 1994b; Regehr and Atluri, 1995) .
Here we examine the relationship between Ca 2+ influx and release at the synapse between granule cells and Purkinje cells in rat cerebellar slices. This synapse was chosen for several reasons. Owing to their unique anatomy, the axons of the granule cells, often referred to as parallel fibers, are particularly well suited for measurement of presynaptic Ca 2÷ levels. Furthermore, it is possible to voltage clamp the synaptic currents produced by parallel fiber activation (Konnerth et al., 1990; Perkel et al., 1990; Llano et al., 1991; Barbour, 1993) . Finally, granule cells contain many types of Ca 2÷ channels (Marchetti et al., 1995; Pearson et al., 1995; Randall and Tsien, 1995) , and it seemed likely that their synapses would allow us to examine how Ca 2+ channels interact to trigger release.
We manipulated Ca 2+ influx in a variety of ways and measured the effect on presynaptic Ca 2+ entry and postsynaptic currents. We found that synaptic strength was supralinearly dependent on Ca 2÷ influx when Ca 2+ entry was altered by means that do not discriminate between different types of Ca 2÷ channels, such as changing external Ca 2+ levels or blocking Ca 2+ entry with Cd 2+. This was also true when distinct populations of Ca 2+ channels were blocked by the toxins e)-Aga-IVA (Mintz et al., 1992a (Mintz et al., , 1992b and co-conotoxin GVIA (CgTx; Williams et al., 1992; Fujita et al., 1993) and when these toxins were coapplied. The relationship between Ca 2+ and release was well approximated by an expression of the form:
where k is a constant, and Ca2+influx iS the Ca 2+ influx into the presynaptic terminal during an action potential. When co-Aga-IVA was applied, release appeared to be steeply dependent on Ca 2÷ (n = 4), while for all other manipulations 2 < n < 3. From the nonadditive effects of each of these toxins on release, we conclude that multiple types of Ca 2÷ channels exert synergistic control over individual release sites, and that the domains of several Ca 2÷ channels must overlap at each release site.
Results
In this study, we investigate the synapse between cerebellar granule cells and Purkinje neurons in brain slices from rat. We stimulated granule cell axons extracellularly, measured the resulting presynaptic Ca 2+ entry with the Ca 2+-sensitive indicator furaptra, and recorded whole-cell postsynaptic currents in Purkinje neurons. To determine the relationship between Ca 2÷ influx and transmitter release, Ca 2÷ entry was systematically altered by adding Ca 2÷ channel blockers or by changing the external Ca 2+ concentration ([Ca2+]e). Figure 1 illustrates the experimental procedure used to evaluate presynaptic Ca 2+ entry. In a transverse cerebellar slice, axons from granule cells rise from the granular layer to the molecular layer, where they bifurcate, extend for several millimeters parallel to the slice surface, and are referred to as parallel fibers. They can be labeled selectively by the Ca2+-sensitive dye furaptra (Raju et al., 1989; Konishi et al., 1991; Regehr and Atluri, 1995) (Figure 1A) .
Photometric Measurement of Presynaptic Ca 2+ Entry
Stimulation of the parallel fibers, using the experimental configuration shown in Figure 1Ac , alters furaptra fluorescence (Figure 1 B) . A single stimulus produces an abrupt change in fluorescence, which returns to resting levels within a few hundred milliseconds. These fluorescence transients were sensitive to Ca 2÷ channel blockers (see Figures 3-5 and 7) but were unchanged by agents that affect Ca 2+ release by internal stores, such as ryanodine and thapsigargin (Sabatini and Regehr, submitted), indicating that they arise from Ca 2÷ influx through voltagegated channels. It is likely that most of the signal is from presynaptic terminals, which make up an estimated 75% of the volume of parallel fibers (Palay and Chan-Palay, 1974) ; furthermore, Ca 2÷ channels are typically present at much higher densities in presynaptic terminals than in axons (Cohen et al., 1991; Robitaille and Charlton, 1992; Smith et al., 1993) . Since parallel fibers make 94% of their synaptic contacts with Purkinje cell dendrites (Palkovits et al., 1971) , we can conclude that these fluorescence transients arise from Ca 2÷ influx through voltage-gated Ca 2÷ channels on granule cell terminals that contact Purkinje cells.
To assess Ca 2÷ influx into presynaptic terminals accurately, it is important to show that the fluorescence signals are linearly related to Ca 2÷ entry. As shown in Figure 1C , during repetitive fiber activation each stimulus produced the same incremental change in fluorescence. This indicates that each stimulus elicits the same Ca 2÷ influx and that the fluorescence transients are proportional to Ca 2+ entry: a doubling of Ca 2÷ influx doubles the size of the fluorescence transient. This issue has been addressed in detail in a previous report (Regehr and Atluri, 1995) .
Reduction of Ca 2+ Entry by Means That Do Not Discriminate between Different Ca 2+ Channel Types
Ca 2÷ entry into presynaptic terminals was first altered by changing the [Ca2÷] •. This manipulation affects fluxes through all types of voltage-gated Ca 2+ channels. The total divalent concentration was maintained by adjusting the levels of external Mg 2+ to keep the threshold for parallel fiber activation constant. Recordings of the presynaptic volley evoked by parallel fiber stimulation show that the number of fibers activated was nearly constant in 2, 1, and 0.5 mM [Ca2÷] e (see Figure 10A and Experimental Procedures).
In Figure 2 , stimulation of the parallel fiber pathway elicited reproducible changes in presynaptic fluorescence.
Reducing the [Ca2+]e from 2 to 0.5 mM decreased these transients by -65% (Figure 2A ). Figure 2C permeating Ca 2÷ ions bind to the pore of the channel, leading to a saturation of Ca 2+ influx. The data are well described by a bimolecular binding process with a dissociation constant (KD) of 3 mM ( Figure 2C , solid line). Saturation of the influx through Ca 2+ channels with increasing [Ca2+] • has been observed in many other preparations with a wide range of apparent KD values (Augustine and Charlton, 1986; Hess et al., 1986) .
The effect of low [Ca2+] • on the excitatory postsynaptic currents (EPSCs) was also tested in separate experiments (see Experimental Procedures). Changing [Ca2+] • from 2 to 0.5 mM reduced EPSCs by -91% ( Figure 2B ). As with the fluorescence measurements, the effect on the EPSC reached steady state within 3-5 rain and reversed completely on washout.
As shown in Figure 2C , EPSCs (open circles) were more sensitive to changes in [Ca2+]e than was the Ca 2+ influx into the presynaptic terminal (closed circles). The relationship between synaptic strength and [Ca2+]~ was supralinear. Presynaptic Ca 2+ entry was also altered by the addition of Cd 2+, which indiscriminately blocks all voltage-gated Ca 2+ channels. Cd 2+ effectively reduced transmission between granule cells and Purkinje neurons without significantly affecting the number of fibers stimulated (see Figure  108 and Experimental Procedures). A low Cd 2+ concentration (3 ~M) decreased the presynaptic fluorescence transient by -30% ( Figure 3A ) and the postsynaptic current by -62% ( Figure 3B ). Both effects reversed within 15 min following Cd 2+ washout. Cd 2+ concentrations above 100 t~M almost eliminated the presynaptic Ca 2+ transients and abolished the postsynaptic currents (see Figure 2C ). Because Cd 2+ does not affect the postsynaptic sensitivity to glutamate (Thompson and G&hwiler, 1992 Regehr, unpublished data) and did not significantly affect the number of fibers activated (see Figure 10B ), these data show that Cd2+-sensitive Ca 2+ channels control transmitter release at this synapse.
The dose dependence of the block of presynaptic Ca 2÷ entry is well described by a bimolecular reaction assuming a Ko of 6 p.M ( Figure 3C ). Such potency is similar to that predicted for the Cd 2÷ block of Ca 2÷ channel currents carried by Ca 2÷ ions Hess, 1993a, 1993b) . Postsynaptic responses were more sensitive to Cd 2+ than was Ca 2÷ entry. The block of the EPSCs showed a dose dependence too steep to be accounted for by a 1:1 binding relationship ( Figure 3C ).
Selective Manipulation of Ca 2+ Entry with Toxins
In the following experiments, we used toxins that target various subsets of neuronal Ca 2+ channels to explore further the relationship between Ca 2+ entry and transmitter release.
Ca 2+ enters granule cell terminals in part through Ca 2+ channels blocked by CgTx. Application of 0.5 I~M CgTx inhibited the fluorescence transient elicited by the fiber stimulation by -25% in the experiment of Figure 4A and on average by 27.0°/o _+ 1.7% (_.+ SEM; n = 5). Doubling the toxin concentration had no additional effect, confirming that a 0.5 ~M concentration produces a saturating block of the presynaptic Ca 2+ channels. In separate experiments, the effect of CgTx on the Purkinje neuron EPSC was quantified. The synaptic currents elicited by the parallel fiber stimulation were reduced by -55% in Figure 4B and on average by 50.1o/0 _+ 1.8% (n = 5). Since CgTx has no postsynaptic effects on glutamate-gated currents (Pfrieger et al., 1992) and did not change the number of stimulated fibers (see Figure 10 ), these data indicate that CgTx-sensitive channels are coupled to transmitter release at this synapse.
Ca 2+ also enters granule cell terminals through Ca 2÷ channels sensitive to co-Aga-IVA. Figures 5A and 5B show that (o-Aga-IVA significantly reduced the fluorescence transients elicited by the parallel fiber stimulation. The block was potent: increasing the toxin concentration from 50 to 200 nM did not change Ca 2+ entry into the terminals ( Figure 5A ). To test for the possible presence of a second population of Ca 2÷ channels blocked with lower affinity, we investigated the blocking effects of higher toxin concentrations. In the experiment shown in Figure 5B , increasing the toxin concentration from 200 to 400 nM did not affect fluorescence signals. Therefore, in these experiments, the channels targeted by co-Aga-IVA (50-400 nM) behaved as one pharmacologically homogeneous population.
The block of Ca 2+ influx by 50 nM ~o-Aga-IVA was slow, which could reflect slow kinetics of block inherent to these channels or poor access of the toxin to structures deep in the slice. To ensure a fast rate of block with a reasonable amount of toxin, we chose a concentration of 200 nM for most experiments.
(o-Aga-IVA (200 nM) decreased presynaptic Ca 2÷ entry by -45°/o in Figure 5A , by -54% in Figure 5B , and on synaptic strength. The reduction of the EPSC by co-Aga-IVA was significantly larger than that expected from the reference curve.
A quantitative examination of the relationship between Ca 2+ influx and release is facilitated by the double logarithmic plot of Figure 6E . With the exception of the data point describing the co-Aga-IVA experiment, all of the results are well approximated by equation 1, where 2 < n < 3. For the e)-Aga-IVA experiment, it appears that release is more steeply dependent on Ca ~+ influx, with n = 4. This suggests that Ca 2+ channels targeted by e)-Aga-IVA may be coupled to the release sites more efficiently than other Ca ~+ channel types.
Functional Interaction between Different Ca 2+ Channel Types
The question of how many Ca 2+ channels control individual release sites is particularly intriguing for synapses in the central nervous system. At these synapses, multiple types of Ca 2+ channels appear to trigger exocytosis (Luebke et al., 1993; Takahashi and Momiyama, 1993; Castillo et al., 1994; Regehr and Mintz, 1994; Wheeler et al., 1994; Wu and Saggau, 1994a; Reuter, 1995) since the toxins e)-Aga-IVA and CgTx, which target nonoverlapping Ca 2+ current components at the soma, both affect synaptic strength. Yet these two antagonists do not reduce synaptic strength additively. This suggests the interesting possibility that the channels blocked by the two toxins overlap in their control of single release sites. Without such overlap, the reduction of synaptic currents should be additive, as each toxin influences some fraction of the release sites and leaves the sites sensitive to the other toxin unaffected. However, nonadditive actions of the antagonists on synaptic transmission could arise from a number of other sources. Since the presynaptic terminals are not voltage clamped, blocking Ca 2+ currents could alter the shape of the presynaptic action potential, thereby affecting Ca 2+ entry. So far, we have used the various toxins to manipulate presynaptic Ca 2+ entry with little emphasis on their distinct selectivities. Because presynaptic Ca 2÷ channels and their somatic counterparts may differ in their pharmacology, and there is some uncertainty about the selectivity of the toxins in granule cells (Pearson et al., 1995; Randall and Tsien, 1995) , it is important to establish that e)-Aga-IVA and CgTx affect separate populations of Ca 2+ channels in terminals. In addition, since release can be steeply dependent on Ca 2+ influx (Dodge and Rahamimoff, 1967; Augustine and Charlton, 1986) , even a relatively small overlap in the channel sensitivity to e-Aga-IVA and CgTx might produce a significant nonadditive effect of these toxins on synaptic transmission. Experiments in which (o-Aga-IVA and CgTx were added sequentially demonstrate that they blocked nonoverlapping populations of Ca 2+ channels. In Figure 7A , the presynaptic Ca 2÷ transient was first reduced by co-Aga-IVA. This initial ~o-Aga-IVA application did not interfere with the reduction of the presynaptic Ca 2+ transient by the subsequent addition of CgTx ( Figure 7A ). Similarly, in Figure  7B , the fluorescence signal was first decreased by CgTx, and the application of CgTx had no effect on the subsequent inhibition of the fluorescence signal by (o-Aga-IVA. The magnitude of the block was independent of the sequence of toxin applications, co-Aga-IVA inhibited the Ca 2+ transients similarly whether it was applied before (50% _ 1%; n = 5) or after (47% _ 4%; n = 5) CgTx. CgTx reduced the Ca 2+ transients to the same extent whether it was applied before (27% _+ 2%; n = 5) or after (27% _+ 1%; n = 5) ~-Aga-IVA. Consistent with these data, the fluorescence signal was reduced by 78% _+ 1% (n = 10) by coapplications of the toxins, which is comparable to the sum of the block produced by each of the toxins separately (77% -+ 3%; n = 5). Such additivity confirms that the two blockers target separate populations of presynaptic Ca 2+ channels. In contrast, as shown in Figure 8 , the reduction of the EPSCs by CgTx and co-Aga-IVA was clearly nonadditive. When the two peptides were applied in succession, the effect of each toxin was dramatically altered by the order of application. In the experiment shown in Figure 8A , the reduction of the EPSC produced by co-Aga-IVA was so prominent that there was little remaining EPSC to be blocked by CgTx. The marked reduction of the EPSC by CgTx seen in Figure 8B dictates that the effect of a subsequent application of co-Aga-IVA will be reduced. Figure 8C summarizes experiments in which the toxins were applied in succession. To facilitate comparison, the reduction of the synaptic current is expressed as a percentage of the control EPSC. When co-Aga-lVA was applied first, it reduced the EPSC by -90%, but by only -50% when it was applied after CgTx. An initial application of CgTx reduced the EPSC by -500, but when applied after e)-Aga-IVA, CgTx inhibited the EPSC by just -5% ( Figure 8C) . Furthermore, the sum of the individual effects of co-Aga-IVA(93.0% _+ 0.9%, n=5) and CgTx (50.1% __. 1.8% ; n = 5) is 143% _+ 3%, which is clearly different from the EPSC reduction produced by coapplication of both toxins (98% _+ 1%; n = 5) and is not compatible with an additive block. From the nonadditive effects of the toxins on the EPSCs and their additive actions on presynaptic Ca 2+ entry, we conclude that the Ca 2+ channels sensitive to e)-Aga-IVA and those sensitive to CgTx cannot be segregated in different synaptic boutons. In fact, as will be discussed further, the data suggest that these two different Ca 2+ channel types overlap in the control of single release sites.
Discussion
This paper investigates the control of synaptic strength by Ca 2+ influx into terminals at the synapses between cerebellar granule cells and Purkinje neurons in brain slices. Manipulations of Ca 2+ influx revealed that synaptic strength is steeply dependent upon Ca 2+ influx into presynaptic terminals. We also find that multiple Ca 2+ channel types act synergistically to control release at individual release sites.
Multiple Types of Ca 2* Channels Trigger Release
Although several studies have shown that both CgTx-and co-Aga-IVA-sensitive channels participate in transmission at a number of different synapses (Luebke et al., 1993; Takahashi and Momiyama, 1993; Castillo et al., 1994; Regehr and Mintz, 1994; Wheeler et al., 1994; Wu and Saggau, 1994a; Reuter, 1995) , here we find that CgTx and co-Aga-IVA target nonoverlapping populations of presynaptic Ca 2÷ channels. There was no significant overlap in the block by CgTx and (o-Aga-IVA, in contrast to a previous report investigating somatic Ca 2+ currents in cultured rat cerebellar neurons (Pearson et al., 1995) .
Based on our experiments, parallel fiber terminals possess at least three pharmacologically separable classes of voltage-gated Ca 2+ channels that contribute to the release of neurotransmitter: -50% of the Ca 2÷ entry occurs through Ca 2+ channels blocked by oJ-Aga-IVA, -30% through channels blocked by CgTx, and -20% through channels that are unaffected by these toxins. This repertoire of Ca 2+ channels is quite different from that found in granule cell bodies. L-type Ca 2+ channels, identified by their sensitivity to dihydropyridines, are present in granule cell somata (Marchetti et al., 1995; Randall and Tsien, 1995) but are absent from their terminals. Similarly, Q-type Ca 2÷ channels, defined by their weak block by co-Aga-IVA (Sather et al., 1993; Wheeler et al., 1994) , are present in the somata of cultured granule cells (Randall and Tsien, 1995) but not in the terminals of parallel fibers. In our experiments, all Ca 2+ channels sensitive to co-Aga-IVA were blocked with high potency, since maximal block was observed with toxin concentrations as low as 50 nM and increasing the co-Aga-IVA concentration to 400 nM did not affect an additional component of Ca 2÷ influx (see Figure 5) .
Comparison of the toxin effects with those of Cd 2+ and low [Ca2+] e suggests that c0-Aga-IVA-sensitive channels are more efficient at triggering neurotransmitter release than the other presynaptic Ca 2+ channels. In chromaffin cells, various classes of Ca 2+ channels show differential efficacies in triggering secretion (Artalejo et al., 1994) . To examine this issue further at the parallel fiber synapse, it would be interesting to document the complete curves relating Ca 2+ influx and release when presynaptic Ca 2+ influx is blocked to different extents with various low concentrations of toxins. Unfortunately, we were unable to perform such experiments owing to the slow kinetics of block with low concentrations of toxins; we estimate that many hours would be required to reach steady state.
The Relationship between Ca 2+ Influx and Release
We found that the relationship between Ca 2+ influx and release is supralinear at the synapse between cerebellar granule cells and Purkinje neurons. The most likely hypothesis to account for the high order Ca 2+ dependence of synaptic strength is that exocytosis is promoted by the cooperative binding of Ca 2+ ions to one or multiple receptors. Studies of the squid giant synapse (Augustine et al., 1985a (Augustine et al., , 1985b Augustine and Charlton., 1986) , bipolar retinal cells (Heidelberger et al., 1994) , and chromaffin cells have provided experimental evidence that release is driven by the binding of multiple Ca 2÷ ions. Our findings, as summarized in Figure 6 , strongly suggest a high power relationship between release and local Ca 2+ concentration. However, it is important to point out that here we determine the total Ca 2÷ influx per spike, which, for many reasons, may not be linearly related to Ca 2+ levels achieved at the release site. Figure 9 illustrates the distinction between a macroscopic measure of Ca 2÷ influx and local Ca 2÷ levels as it relates to synaptic transmission. In Figure 9Aa , release is triggered by a single Ca 2+ channel open near a release site. This is thought to occur at the squid giant synapse when release is triggered by action potentials (Llinas et al., 1982; Augustine, 1990 during action potential broadening (Augustine, 1990 ). Release is then proportional to the number of open Ca 2÷ channels, and the relationship between Ca 2+ influx and release appears linear (Figure 9Ac ) despite the power law between Ca 2÷ influx and release. It is also possible that multiple Ca 2÷ channels open near a release site to trigger vesicle fusion ( Figure 9B ). For example, in hair cells, Ca 2+ channels are clustered at high density near release sites and act in concert to trigger release (Roberts et al., 1990) . Similarly, at the squid giant synapse, when a high percentage of Ca 2÷ channels are opened with large voltage steps, Ca 2÷ entry through more than one Ca 2÷ channel triggers release (Augustine et aL, 1985a (Augustine et aL, , 1985b . When more than one Ca 2+ channel is involved in triggering release ( Figure 9B ), blocking some of the Ca 2+ channels (Figure 9Bc ) reveals a relationship between Ca 2+ influx and release that is supralinear since it reflects to some degree the underlying cooperativity of the Ca2+-driven fusion event.
We observed the same power law relationship between Ca 2÷ influx and release when Ca 2÷ influx was reduced with Cd 2÷ or tow [Ca2+]e. Although there might be some minor differences between Ca 2÷ channel types in their sensitivity tO Cd 2+ or low [Ca2+]e, both manipulations affect all types of Ca 2÷ channels, though in different ways. Lowering the [Ca2+]e decreases the driving force for Ca 2÷ entry, whereas Cd 2÷ produces a rapidly flickering block . Despite these differences, the relationship between Ca 2+ influx and release is remarkably similar with both manipulations; it likely arises from the nonlinearity in the Ca2+-driven fusion step.
Altering the [Ca2+]e changes the influx per channel as in Figures 9Ab and 9Bb . It is not clear whether Cd 2+ decreases the channel conductance (Figures 9Ab and 9Bb) or reduces the number of open channels (Figures 9Ac and  9Bc) . Consequently, the data obtained by manipulating Ca 2+ influx with low [Ca2+]e or with Cd 2+ show the cooperativity of Ca 2+ ions to trigger release, but they do not resolve the issue of Ca 2+ channel overlap at individual release sites.
The toxins CgTx and co-Aga-IVA proved to be powerful tools. By reducing the number of open presynaptic Ca 2+ channels without changing the elementary influx, they provide us with a crucial test of the Ca 2+ channels' arrangement with respect to the release sites (Figures 9Ac and  9Bc) . As already mentioned, it is not possible to use different toxin concentrations to describe the whole curve relating release to Ca 2÷ influx. A simpler approach is to study the effects of combined applications of the two toxins. If co-Aga-IVA-sensitive channels and CgTx-sensitive channels drove release at separate sites, the effects of the two toxins could be added linearly to account for the total effect of combined applications (Figure 9Ac ). In contrast, if co-Aga-IVA-sensitive and CgTx-sensitive channels interacted at individual release sites (Figure 9Bc ), the block of EPSCs by combined applications of the two toxins would be less than the sum of their individual effects.
Our control experiments show that co-Aga-IVA and CgTx reduce EPSCs by blocking presynaptic Ca 2+ channels.
The toxins have no significant postsynaptic effect on glutamatergic responses, nor do they alter the number of stimulated afferents. They block separate Ca 2+ channel populations in terminals. Such controls are important in order to establish that the toxins manipulate presynaptic Ca 2÷ influx in a linear manner, i.e., that they act by reducing the number of Ca 2÷ channels available to trigger release (Figures 9Ac and 9Bc) . In contrast, the overall effects of combined applications of toxins on synaptic strength were highly nonlinear. When applied alone, co-Aga-IVA and CgTx reduced the EPSCs by 93% and 50%, respectively. Consequently, the sum of the effects of individual applications (143% -+ 3%) was clearly different from the EPSC reduction produced by toxin coapplication (98% -1%), an observation not consistent with an additive effect on the EPSCs. These data, together with the linearity of the presynaptic block of Ca 2+ influx by co-Aga-IVA and CgTx, demonstrate that the hypothesis "one open Ca 2+ channel per release site" does not apply at this synapse, and that o)-Aga-IVA-sensitive Ca 2+ channels and CgTx-sensitive Ca 2+ channels interact to trigger release at individual release sites. These results are consistent with data obtained at the CA3-CA1 synapse in the hippocampus (Wu and Saggau, 1994a) .
Physiological Implications
The finding that the efficacy of synaptic transmission depends upon the synergistic interaction of multiple types of Ca 2÷ channels suggests rich possibilities for the control of synaptic strength. It appears that release sites are not controlled by a single type of Ca 2+ channel, as described by
Release oc (IAga) n + (IcgTx) n -t-(Iother) n (2) where IAga is the influx through e)-Aga-lVA-sensitive channels, ICgTx is the influx through CgTx-sensitive channels, and Iother is the influx th rough channels insensitive to these two toxins. Instead, release at individual release sites is driven largely by Ca 2÷ entering through multiple types of channels, with
Release oc (IAga + ICgTx + Iother) n.
Since these channels may be differentially regulated, modulating any one of them will have a much greater effect on synaptic strength than if each release site is influenced by only one type of Ca 2+ channel, as in equation 2. Undoubtedly these equations are oversimplified. The apparent cooperativity of each channel type and the degree of interaction between the various types of channels may be very different. In addition, control of release by different types of Ca ~÷ channels can vary greatly in different boutons (Reuter, 1995) .
Quantification of the Relationship between Ca 2+ Influx and Release at Synapses in the Central Nervous System
The approach taken in this study promises to be applicable to the study of presynaptic Ca 2+ and release in a wide number of synapses in the central nervous system. It is worthwhile to point out the experimental strategies we found to be important for reliable quantitation of the relationship between Ca 2÷ influx and release.
Synaptic responses were voltage clamped using procedures that have been well described by others. A number of precautions ensured faithful and stable recordings of synaptic currents (see Experimental Procedures). We also took great care to allow manipulations of Ca 2+ influx to reach steady state. Hence, we avoided difficulties that arise when synapses are blocked to different degrees depending upon their depth in the slice.
The use of the low affinity Ca2+-sensitive indicator furaptra was crucial for accurate quantitation of Ca 2+ influx into presynaptic terminals (Feller et al., submitted; Regehr and Atluri, 1995) . This indicator was used to avoid the saturation and distortion that accompany the use of higher affinity indicators such as Fura 2. Over the range of Ca 2+ levels reached in our experiments, there was a linear relationship between the Ca 2+ transient amplitude and changes in furaptra fluorescence. Furaptra offers the added advantage that its response is not greatly distorted by Cd 2+, as is the case with Fura 2.
Finally, it was important to establish that manipulations of Ca 2+ influx affect synaptic transmission by changing Ca ~+ entry into presynaptic terminals and not by other means. We performed a series of experiments to assess the effects of these manipulations on fiber excitability and the presynaptic waveform. For each experimental condition, we checked that the number of fibers stimulated and the shape of the presynaptic action potential were not greatly altered. Furthermore, the postsynaptic sensitivity to glutamate is not altered by CgTx, Cd 2÷, or ~o-Aga-IVA.
We can therefore conclude that the manipulations of Ca 2÷ employed in this study affected synaptic transmission by altering presynaptic Ca 2÷ influx and not by affecting the number of fibers excited, altering the waveform, or affecting the sensitivity of the postsynaptic cell to glutamate.
Conclusion
We find that synaptic strength is steeply dependent upon Ca 2÷ influx into presynaptic terminals at the connection between cerebellar granule cells and Purkinje neurons in brain slices. Ca 2+ entering through multiple types of Ca 2÷ channels acts synergistically to control release at individual release sites, The approach taken in this study promises to be of general use in assessing the role of presynaptic Ca 2÷ influx in transmission and plasticity at synapses of the mammalian central nervous system.
Experimental Procedures

Measuring Synaptic Currents
Transverse slices (250-300 p.m thick) were cut from the cerebellar vermis of 9-to 14-day-old rats. The external solution (1 ml/min rate of perfusion) consisted of 125 mM NaCI, 2.5 mM KCI, 2 mM CaCI2, 1 mM MgCI~, 26 mM NaHCO3, 1.25 mM NaH2PO4, 25 mM glucose, bubbled with 95% 02, 5% CO2. The GABAA receptor antagonist bicuculline (20 ~M) was included to suppress inhibitory synaptic currents.
Whole-cell recordings of Purkinje neurons were obtained as previously described (Regehr and Mintz, 1994 ) using 1.7-2.5 M~ glass pipettes containing an internal solution of 35 mM CsF, 100 mM CsCI, 10 mM EGTA, 10 mM K-HEPES, 0.1 mM D600 (pH 7.3 with CsOH). Contamination of synaptic responses with voltage-gated currents was minimized by holding the membrane potential at -40 mV and using D600 (a nonselective blocker of voltage-gated Ca 2+ channels) and Cs + (a K + channel blocker) in the internal solution. The access resistance (<5 MQ after series resistance compensation) and leak current (-40 to -150 pA) were continuously monitored. Experiments were terminated and data were not included for analysis if either of these parameters changed.
Parallel fibers were stimulated extracellularly with an electrode placed in the molecular layer several hundred microns from the recording electrode. A glass electrode of 10-15 I~m in diameter or a metal bipolar electrode was used for stimulation. The EPSC decayed in 5-7.5 ms and the decay time remained constant throughout the experiments. Low stimulus intensities were used to keep synaptic currents small and the resulting voltage errors arising from uncompensated series resistance below 4 inV. After an initial period of stabilization, which lasted 20-30 min, control EPSCs were collected for ~ 10 min before manipulating presynaptic Ca 2÷ influx. Experiments were usually terminated with the perfusion of Cd 2+ (100 mM) in order to record the stimulation artifact in isolation.
CgTx (Peninsula Labs, Belmont, CA) and ~o-Aga-IVA (Pfizer Inc, Groton, CT) were prepared as stock solutions in distilled water (0.5 mM and 100 ~M, respectively) and stored at -20°C. Currents were filtered at 1 kHz and digitized every 100 I~s. All experiments were done at 20°C-25°C. Averages are given as mean ± SEM.
Fluorometric Detection of Ca =* Transients
Parallel fibers were labeled with a high pressure stream of furaptra (Molecular Probes, magfura-AM) using previously described methods (Regehr and Tank, 1991 ; Regehr and Atiuri, 1995) . Since furaptra was excited with 380 nm light, an increase in Ca 2÷ levels corresponds to a decrease in ,~F/F. For clarity, •F/F signals have been inverted throughout the paper. The output of the photodiode was filtered at 500 Hz with a 4 pole Bessel filter (Warner) and digitally recorded using a 16 bit converter (Instrutech), using Pulse Control software (Herrington and Bookman, 1994) , Postsynaptic structures did not contribute to the evoked fluorescence transients since the glutamate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 5 I~M) (Honore et al., 1988) did not affect AF/F, and synaptic currents are completely blocked by CNQX at this synapse (Konnerth et al., 1990) . The block of fluorescence transients by 0.2 p.M tetrodotoxin indicates that these signals were elicited by action potential invasion of presynaptic structures.
In these experiments, an unknown number of parallel fibers labeled with the fluorophore are stimulated, which makes it impossible to convert conventional ratio measurements to an absolute change in Ca 2+ concentration. We therefore tested a number of fluorophores, with the goal of finding one for which there is a linear relationship between A[Ca2÷]~ (the change in free Ca ~÷ concentration produced by fiber stimulation) and AF/F in the range of interest. A number of low affinity indicators including furaptra satisfied this criteria, but high affinity indicators, such as Fura 2, did not (Regehr and Atluri, 1995) . We estimate that spatial gradients of Ca 2÷ will dissipate rapidly in a structure as small as a parallel fiber terminal with a characteristic time t = r2/ 6D = 4 ms, with the radius of the terminal r = 0.5 ~m and the effective diffusion coefficient for Ca 2÷ D = 10 -7 cm2/s.
Comparing Synaptic Currents and Ca 2+ Influx
Effects on synaptic currents and Ca 2+ influx were determined in separate experiments. This allowed us to optimize conditions for each type of measurement. High stimulus intensities were used for detection of furaptra fluorescence transients to maximize the signal to noise ratio. To avoid series resistance errors, smaller stimulus intensities were used when synaptic currents were examined. Since the different blockers used in this study and the manipulations of [Ca2÷]e showed little variability in their effect on synaptic transmission and Ca z÷ inflL~X, we were able to compare pooled data from many experiments.
Testing the Number of Activated Fibers
We performed experiments to test whether manipulations of [Ca2+]~, Cd 2~, or the Ca 2÷ channel toxins affected the number of fibers stimulated ( Figure 10 ). Parallel fibers were stimulated with an electrode placed in the molecular layer. Extracellular field potentials were recorded in the molecular layer 400-700 ~m away from the stimulus electrode with a saline-filled electrode (resistance = 2 M). Stimulation of the molecular layer produced a well-characterized extracellular signal, which corresponds to the extracellutar current flow accompanying a propagating action potential in the parallel fibers (Eccles et at., 1967) . The amplitude and shape of this response provide a sensitive measure of the number of parallel fibers activated. We prevented contamination of the response by synaptic currents by including bicuculline in the saline to block the inhibitory GABAA responses and CNQX to block the excitatory synaptic responses.
We observed a tiny increase in the amplitude of extracellutar fields when the [Ca2+]ewas decreased from 2 mM (control) to 0.5 mM ( Figure  10Aa ). There was also a slight increase in the conduction velocity. In the inset of Figure 10Aa , the waveform recorded in a low [Ca2÷]e has been shifted by 90 p.s to account for this. As summarized in Figure  lOAb , the amplitude of the presynaptic volley was increased in 1 mM [Ca2+]e by 4.2% ~ 0.5% (n = 3) and in 0.5 mM [Ca2+]e by 3.5% +_ 1.7% (n = 3). Here, as in the previous experiments involving the manipulation of [Ca2÷]~, Mg 2÷ levels were adjusted to keep the total concentration of divalents constant.
Addition of Cd 2+ to the bath decreased the presynaptic volley amplitude (Figure 10Ba ). Cd 2÷ also appeared to have minor effects on the conduction velocity, and the Cd 2+ trace in the inset of Figure 10Ba has been shifted by 150 p.s. As sum marized in Figure 10Bb , the amplitude of the presynaptic volley was decreased in 30 p.M Cd 2+ by 3.1% ___ 2.1% (n = 6)andin 100 pM Cd2+ by 7.5% + 3.9% (n = 5). It was often not possible to reverse the effect of Cd z÷ on the presynaptic volley, particularly after prolonged exposures to relatively high concentrations. This may be due in part to Cd 2+ accumulation within the presynaptic terminals (Regehr and Atluri, 1995). As shown in Figure 10C , co-Aga-IVA and CgTx did not affect the amplitude or the shape of the presynaptic volley.
Based on the experiments summarized in Figure 10 , we conclude that low Ca 2+, Cd 2÷, co-Aga-IVA, and CgTx did not greatly change the threshold for parallel fiber activation and that the number of activated fibers was essentially constant in our experiments.
